Abstract. The aim of this study was to determine the shuttle dose for all collimator helmets (4, 8, 14 and 18 mm) of the Gamma Knife, model B, in Vienna, Austria. The additional dose accumulated during the transport of the patient in and out of the treatment position should be considered in the dose planning procedure of multicentre treatment regimens and in fractionated stereotactic Gamma Knife radiotherapy.
Introduction
Besides conventional radiotherapy, stereotactic radiosurgery and radiotherapy have attracted widespread interest in recent years. Stereotactic technology in particular provides highprecision irradiation. Measuring the absolute dose is important for quality assurance. Stereotactic radiosurgery and radiotherapy are most frequently performed with dedicated stereotactic Linacs as well as with the Leksell Gamma Knife TM (Elekta Instrument AB, Stockholm, Sweden).
The Gamma Knife contains 201 fixed Co-60 sources arranged in a concave half-spherical surface. The radiation of each source is collimated both by a permanently installed primary collimator system and a final collimation. This final collimation is achieved by means of one of four collimator helmets that produce diameters fields at a focus between 4 and 18 mm. Before irradiation, the patient is positioned isocentrically into the collimator helmet. To begin treatment, the patient couch (Gurney) with the patient and the collimator helmet are automatically driven into the Gamma Knife and the collimator helmet fits into the internal primary collimation. Once the patient couch with patient and final collimator have reached this position, a microswitch starts counting the exposure time. After a prescribed time, the couch goes into reverse.
Before and after treatment, the target volume receives a small dose of radiation due the mechanical transportation of the patient into and away from the treatment position. Although not included into the treatment planning programmes, this 'shuttle dose' will contribute to the total target dose: the total dose (D total ) is the sum of the planned dose (D plan ) and the transportation or shuttle dose (D shuttle )
The total volume of the shuttle dose of one treatment fraction depends on the actual activity of the Co-60 sources, the moving speed of the patient couch, the central field size of the final collimator helmet and the number of isocentres used. Whereas the shuttle dose decreases with the decay of the Co-60 sources, the moving speed of each collimator helmet is assumed as a constant parameter.
For single-shot, single-isocentre, high-dose stereotactic radiosurgery, the relative volume of the shuttle dose in relation to the total dose may be considered negligible. However, treatment schedules with multiple isocentres, concepts utilizing fractionated stereotactic radiation as well as a combination of both have been developed during recent years in order to improve the ratio planning target volume/treated volume and to minimize side-effects. All these techniques are based on a repeated positioning of the target within the Gamma Knife at the same and/or at different times. The implementation of multiple isocentres and/or fractions will consecutively enlarge the shuttle dose/total dose ratio.
This study investigates the volume and, to some extent, the spatial distribution of the shuttle dose for all four collimator helmets of the Gamma Knife, model B, Vienna, Austria, by means of film dosimetry. In addition, we have performed dosimetry studies with an ionizing chamber (Duftschmid et al 1996) for the two larger collimator helmets (18 and 14 mm) and studies with TLD crystals for the largest (18 mm) collimator helmet.
Materials and methods

Film dosimetry measurements
2.1.1. Studies on the optical density increase and absorption spectrum of the GafChromic film. For our film dosimetry studies we used the GafChromic TM MD-55, model no 37-041, dosimetry film produced by ISP Technology (Division of GAF Chemical Corporation of Wayne, NY) and is distributed by Nuclear Associates (Division of Victoreen, Inc., Carle Place, NY) (Meigooni et al 1993 , Saylor et al 1988 .
For an optimal evaluation of the GafChromic films it is necessary to study the absorption spectrum of the film prior to dose measurements. The film is known to be temperature and humidity dependent (Chu et al 1990 , Klassen et al 1997 . Since at our institution the environment is practically constant with an air temperature of 22 ± 2
• C and a relative humidity of 50 ± 10%, we have therefore investigated the absorption characteristics of the GafChromic film under these ambient conditions.
Eight samples of the GafChromic film, 30 × 30 mm 2 , were irradiated with 5, 10, 20, 25, 30, 35, 40 and 55 Gy of gamma rays from the Theratron 780C TM Co-60 teletherapy unit (Philips, Crawley, UK). A 20 × 20 cm 2 field size at 80 cm source to surface distance was used for homogeneic film irradiation. All film exposures were performed with a polystyrene phantom at a depth of 20 mm under full scattering conditions. The accuracy of the irradiation was rechecked with a PTW 1428 TM ionization chamber (PWT Inc., Freiburg, Germany). One film sample remained unexposed for background measurements.
The optical density of the exposed GafChromic films was measured with a Radiochromic Densitometer, Nuclear Associates, Inc. (Victoreen, Inc., Carle Place, NY, USA). This device is specially designed for optical density spot measurements of the GafChromic film. The absorption wavelength of the device is 671 ± 5 nm. During the first days after irradiating a GafChromic film, an increase in optical density is seen , Meigooni et al 1996 . In order to measure this increase, the optical density was rechecked at regular intervals over a two-week period and plotted over the course of time (figures 1 and 2). Our pre-study shows an net increase of the optical density of the GafChromic MD-55 film by about 15% within 78 h of irradiation and an additional 2% during the next 10 days.
For proper readings, it is necessary to determine the absorption spectrum of the (Tokyo, Japan) photospectrometer, no earlier than 4 days after exposure to the Co-60 teletherapy unit. For studying the absorption spectrum, we investigated the film samples irradiated with 10 Gy, 25 Gy, 40 Gy and 55 Gy. The maximum intensity of the GafChromic model used ranges between 670 and 675 nm (figure 3) . Based on our pre-studies, we decided to use a Sharp JX-600 colour image scanner (Sharp, Inc., Japan) for our dosimetric measurement of the Gamma Knife shuttle dose. The image scanner provides a high resolution with 600 dpi. Using the Adobe Photoshop TM software program, the colours of the image files obtained with the scanner were split into the three basic colours red, green and blue. The combination of the colour image scanner and the software program made it possible to evaluate the GafChromic MD-55 film, 37-041 film in the red light spectrum of 610 and 780 nm only and thus to utilize the optimal signal to noise ratio.
GafChromic film studies on the Gamma Knife shuttle dose.
For every collimator one sheet of Gafchromic MD-55 film was used. The sheet was cut into three pieces. The first film piece 50 mm × 50 mm was prepared for an exposure of 10 min to the Gamma Knife. The second 50 mm × 50 mm piece was prepared for an exposure of the same time but divided into 50 fractions (50 times 0.2 min). A possible difference would relate to the shuttle dose. The remaining third film piece was used for a 10-step calibration. Nine calibrations steps were taken with the Theratron 780C (Philips, Crawley, UK), 5 Gy to 45 Gy. We determined the background with the non-irradiated step. All three pieces were marked since the film is known to have each non-uniformity in one orthogonal direction. In order to avoid Newton rings and to reduce light scatter during film scanning, the piece of film was covered with a black reading mask (figure 4).
Using the marks for film direction, the film pieces from the calibration steps were tested with the colour image scanner to obtain the most uniform reading direction. In agreement with Meigooni et al (1996) , we found signal to noise ratio uniformity within ±3.5% in one direction but only within ±6% in the orthogonal direction. In our investigation this effect was seen on all calibration steps.
For measuring the shuttle dose of the collimator helmet, the only figure required is the dose cross profile along the z-axis (moving direction of the patient couch). Based on the directional marks, the film pieces were optimally aligned in the Leksell 16 cm diameter spherical polystyrene phantom. Using the first film piece, a single transfer irradiation of 1 × 10 min was performed with the 18 mm collimator. For the second pieces we used the same exposure time, but in a cumulative manner of 50 fractions of 0.2 min. This was repeated for all final collimators. Four days after irradiation, evaluation was carried out, using the colour image scanner. The calibration steps were used to calculate the absorbed dose.
Measurements with an ionization chamber
For the final collimators, 18 and 14 mm, shuttle dose and shuttle time were measured by a small-volume ionization chamber (Chamber type M 31002 #0012, 0.125 cm 3 , PTW Inc. Pychlau bei Freiburg, Germany) in conjunction with a current integrator (Dosimeter SN 4/7612 #258, PTW Inc., Germany). Prior to measurements, the chamber was calibrated in quantity of the absorbed dose to water in the reference beam in accordance with the Austrian national standard (Duftschmid et al 1996) .
All measurements were done on the phantom in the isocentre of the Gamma Knife, using the Leksell 16 cm diameter polystyrene spherical phantom. The integral dose was measured for 0.1, 0.2, 0.3, 0.5 and 1.0 min of indicated irradiation time. The data obtained were plotted with x = time and y = dose and a linear regression was calculated. This model was used to determine the shuttle dose and shuttle time. The absorbed dose rate is the slope gradient of the linear equation. The intersection of the regression line at time t = 0 represents the shuttle dose. The shuttle time is calculated by intersecting the regression line with the time axis (dose = 0).
Measurements with TLD crystals
For our study we used 12 LiF thermoluminescent dosimeters (Harshaw TLD-100), size 1 × 1 × 7 mm 3 . On the day before the measurements, all TLDs were calibrated on a Co-60 calibration unit (Theratron 780C, Philips, Crawley, UK). For 18 August 1997, we calculated an absorbed dose of 10.64 Gy at isocentre for a 5 min irradiation time. A first group of six crystals was individually calibrated with 10 Gy. According to film measurements, we expected a cumulative absorbed dose of about 15 Gy for 25 fractions of 0.2 min. Therefore, the second group of six crystals was individually calibrated with 15 Gy. This calibration dose was rechecked for accuracy by an ionization chamber (PTW type 1428, Pychlau bei Freiburg, Germany). Evaluation of the calibrated TLDs was carried out with a Harshaw 2000D TLD reader, revealing a deviation between ±1.5%. The accuracy of this process has been verified by previous investigations (Ertl et al 1996 (Ertl et al , 1997 .
To determine the shuttle dose of the Leksell Gamma Knife model B, one single TLD crystal rod was placed into the very centre of the Leksell 16 cm diameter polystyrene spherical phantom, supplied by the Gamma Knife manufacturers. A hole in the centre of the insertion plate makes it possible to insert a single TLD crystal in the very focus centre. Stereotactic irradiation was performed with the 18 mm final collimator. The first set of six TLD crystals, calibrated for 10 Gy, was irradiated with one fraction of 5 min. The second set of six TLD crystals, calibrated for 15 Gy, was exposed to 25 fractions of 0.2 min.
Results
Measurements with GafChromic film
The geometric pattern of the beam path between the preliminary and final collimators influences the shape and quantity of the shuttle dose to be applied. Table 1 shows the results of the GafChromic measurements for the various collimators. The first film piece was exposed to one fraction of 10 min, the second to 50 fractions of 0.2 min. Table 1 shows the difference between the two and the calculated shuttle dose (mGy) shuttle dose = difference/49. The 14 mm collimator generates the highest absolute shuttle dose. Figure 4 depicts the bidimensional distribution of the absorbed total doses both for one fraction of 10 min and of 50 fractions of 0.2 min in the xz-plane. For the 18 mm collimator the shuttle dose is applied around the focus centre in an elliptic shape. Varying geometric conditions in the 14 and 8 mm collimators necessitate an application of the shuttle dose not exactly in the focus centre. Figures 5-8 show the scanner reading of the dose cross profile of these bidimensional maps. The coordinates for the maximum shuttle dose may be calculated from figures 4-8. For the 18 and 4 mm collimators, the maximum shuttle dose is located at the isocentre (x = 100, y = 100, z = 100) whereas for the 14 and 8 mm collimators the maxima are placed 1 mm outside the isocentre at x = 100 mm, y = 100 mm, z = 99 mm. Figure 9 shows the linear regression model for the shuttle doses for the 18 and 14 mm final collimators. Table 2 summarizes the results of these measurements, performed on 18 August 1997. We found the measured absorbed dose in very good agreement with the dose rate calculated with the KULA 4.4 dose planning program (Elekta Instruments, Sweden).
Measurements with the ionization chamber
Measurements with TLD crystals
The mean absorbed dose of set I was 10.60 Gy; the mean absorbed dose of set II was 14.78 Gy. The difference divided by 24 results in a shuttle dose of 174.2 ± 1.5 mGy for the isocentre of the 18 mm final collimator. Table 3 summarizes the shuttle dose results Because of the loss of total Co-60 activity over the time run, the shuttle dose diminishes. Figure 10 shows the decrease of the shuttle dose for all four final collimator helmets.
Discussion
Stereotactic radiosurgery with the Leksell Gamma Knife (Elekta Instrument AB of Stockholm, Sweden) provides high-precision irradiation. Before treatment with the Leksell Gamma Knife, the intracranial target receives a small dose during the transportation of the patient in and out of the treatment position. This shuttle dose is not included in the treatment programme. This study determines the shuttle dose for all four collimator helmets of the Gamma Knife site Vienna, Austria.
For the 18 mm collimator, the shuttle dose has already been measured at the Gamma Knife site Prague, Czech Republic, using a large ionization chamber (0.3 cm 3 ) and a PTW-IQ4 integration dosimeter (Novotny et al 1996) . The authors found a shuttle dose of 253 ± 3 mGy at an absorbed dose rate of 3.005 Gy min −1 . This result is in good agreement with our ionization chamber measurements. For the date of measurement (18 August 1997), the shuttle dose of the 18 mm collimator was 174 ± 1.3 mGy at an absorbed dose rate of 2.013 Gy min −1 . Calculated for the same absorbed dose rate, this reflects a difference of 2.9% between the 18 mm collimator shuttle doses of Vienna and Prague.
In addition to the 18 mm collimator shuttle dose, our study also reports on the shuttle doses of the other three collimators. To obtain all data not only an ionization chamber but also film and TLD dosimetry were used.
Film measurements are advantageous for recording the bidimensional distribution of radiation (Zhu and Kirov 1997 , Sanders et al 1993 , Ramani et al 1994 . The GafChromic MD-55 film is especially suited for determining the shuttle dose since the film shows practically no energy dependency (McLaughlin et al 1994 , Meigooni et al 1996 . Lowenergy scatter radiation will not significantly influence the results of GafChromic film measurements. This is in contrast to other bidimensional systems or lithium fluoride TLDs. Below the 150 keV photon energy range, Kodak X-Omat V film is up to ten times more sensitive (Muench et al 1991) .
In our study the uniformity in the response of the MD-55 film was investigated with the colour image scanner. Our measurements obtained by scanning the film along directions parallel to the sides for uniformly irradiated films show that the uniformity of the film depends on the direction in which the film is read (Meigooni et al 1996) . In particular, the variation of the sensitivity was less than ±3.5% along one direction but up to ±6% in the orthogonal direction. In addition, some films covered small areas near the borders with higher signal inhomogeneity (differences up to 10%). Therefore, a quality verification of the GafChromic films is necessary prior to measurements in order to check for a non-uniform distribution of the dyes.
Besides film measurements, the two larger collimators (18 and 14 mm) were also studied with a small-volume ionization chamber. The ionization chamber used (chamber type M 31002 #0012, 0.125 cm 3 , PTW Inc., Pychlau bei Freiburg, Germany) is the smallest calibrated ionization chamber that meets the Austrian National Standards. These results are in excellent agreement with the results obtained with GafChromic films. Differences between them are less than 0.8%.
The 18 mm collimator helmet was also investigated using TLD crystals. The results obtained are in good agreement with the data from Gafchromic film and from the ionization chamber, the difference being within the range of 0.1% only.
TLD LiF crystal rods are frequently used in radiation therapy and nearly all large centres have substantial experience with them. Thermolumuniscent dosimetry (TLD) with LiF crystals is advantageous in radiation techniques (Svensson et al 1990) . However, due to the dimensions of the TLD crystal, the shuttle dose can only measured for the 18 mm collimator. The hole in the Leskell polystyrene phantom allows only for isocentre measurements.
All data indicate that the shuttle dose can be recorded properly. We feel that this additional dose must not be neglected, especially for multicentre treatment and/or fractionated stereotactic Gamma Knife radiotherapy. However, the clinical importance of these findings needs to be evaluated in each case under treatment.
